Abstract. The rapidly growing water fern Azolla, which contains a nitrogen-fixing blue-green algal symbiont, has been studied as a possible system for pholOproduction of molecular hydrogen, When this plant is gro ....'n on a combined nitrogen supply, photochemically generated hydrogen can be diverted through the algal nitrogenase system, which serves as a source ofmolecular hydrogen generated from water. This s.vmbiosis has several advantages as a possible biological energy conversion system.
Nitrogen-fixing planls
. Effect of carbon monoxide on acetylene reduction and hydrogen evolution. When added, acetylene was 10 percent of the gas phase. unsuccessful. Furthermore, hydrogen evolution by both plant types was insensitive to carbon monoxide, indicating that the major source of hydrogen was the algal nitrogenase, and not some other hydrogenase activity elaborated in the symbiotic system. Plants freed of algae by prolonged growth in nitrate media containing antibiotics did not reduce acetylene or evolve hydrogen (Table 2) .
Nilrogen-fixing plams
an inhibitor of oxygen evolution (photosystem II), inhibited acetylene reduction and hydrogen evolution to a similar extent in both nitrogen-fixing and nitrate-grown plants. Considering that the intact plants had to transport the inhibitor, the inhibition was very rapid and did not require prior incubation to deplete endogenous reserves, as is common with many algal systems (/ /) (Table J), These data indicate that a major part of the electrons for hydrogen evolution by this system are derived from water by utilizing photosystem II.
The blue-green algae in le~ves of Azalia do not occur as either individual cells or free chains of cells, but as spherical bundles or packets of chains surrounded by a membrane-like structure (8. 12) . These packets are readily observed in preparations of crushed leaves and can be isolated from leaf homogenates after vacuum infiltration and incubation of leaves with a mixture of pectinase (polygalacturonase, E.C. 3.2.1.15) and cellulase (E.C. 3.2.1.4). About 10 percent of the total nitrogenase activity can be recovered in leaf homogenates, and these preparations also yield hydrogen in a manner characteristic of the plants from which they are derived. Homogenates from nitrate-grown plants also display greater hydrogen-evolving activity than preparations from plants grown under nitrogen-fixing conditions (Table 4 ).
in its leaf cavity (7) , offers several advantages as a hydrogen-producing system.
Plants were grown in shallow layers of a nitrogen-free or nitrate-containing Hoagland solution (8) in 3-liter Fernbach flasks under constant illumination in air at 25°C. Approximately 30 g of fresh plant tissue was collected in 2 weeks from each flask, depending on inoculum size, Samples of individual plants or extracts were incubated in the light in 15-ml Erlenmeyer flasks fitted with screw caps containing rubber septa for removal and injection of appropriate gas atmospheres. Acetylene reduction to ethylene [a measure of nitrogenase (nitric-oxide reductase, E.C. 1.7.99.2) activity] and hydrogen evolution were assayed gas chromatographically with Poropack R (9) and molecular sieve 5A columns. respectively, at 55°C (5 
./0).
Azolla plants can be grown on nitrate. Under these conditions the plants still contain algal symbionts and show nitrogenase activity. although upon repeated transfer on nitrate such activity eventually declines. Nitrogen-fixing plants and plants grown on nitrate media were compared (Table I) with respect to nitrogenase and hydrogenevolving activity. Whereas plants grown on nitrate evolve molecular hydrogen at rates comparable to their total nitrogenase activity, plants grown under nitrogen-fixing .::onditions evolve hydrogen at only a small fraction of the rate of nitrogen fixation. In both plant samples. nitrogenase activity and hydrogen evolution were light-dependent and were greatest in inert atmospheres. Hydrogen evolution under these conditions remained constant for at least 24 hours. In some plant samples grown on nitrate, hydrogen evolution actually exceeded total nitrogenase activity measured as acetylene reduction.
It seemed possible that at least some of the hydrogen evolved by plants grown on nitrate could be derived from a larger pool of endogenous reserves no longer needed for nitrogen reduction. However. attempts to increase the pools and enhance hydrogen evolution by various means, such as preincubation with carbohydrates, were Evolution (nmole hour' g ') Ethylene Hydrogen Gas phase Table I . Acetylene reduction and hydrogen evolution of Azalia plants grown on nitrogen-free and nitrate media. All values are nanomoles of gas formed per hour per gram of fresh plant tissue. Approximately 2 mg ofmtrogen and 0.4 mg of total chlorophyll are contained in I g of tissue. When added. acetylene was 10 percent of the gas phase. The assay medium was the same as the growth medium.
In the past few years, hydrogen has been considered as a renewable nonpolluting fuel, and this consideration has led to reports about its possible biological production by photosynthetic systems (/. 2), Two known systems for photohydrogen production, the anaerobically adapted green algal system of Franck and Gaffron (3) and the photosynthetic bacterial system of Gest and Kamen (4) , require an exogenous electron donor and hence are not independent of a substrate other than water. Suitably constructed enzymatic systems containing chloroplasts can evolve hydrogen from water, but these are labile and, at present. have limited utility (5) .
Benemann and Weare's report (6) that the nitrogen-fixing blue-green alga Anabena cylindrica could evolve hydrogen from water opened up the possibility of finding similar nitrogenase-containing photochemical systems that are stable and useful for biological hydrogen production. The water fern Azalia, a rapidly growing plant that contains a nitrogen-fixing bluegreen algal symbiont Anabena azalia withReprinted from SCIENCE, 13 February 1976,vo1ume 191,pages 559-561 Hydrogen evolution is a side or partial reaction of the nitrogenase-catalyzed reduction of nitrogen to 1#-"t~(/3.14). Photochemically generated reductants diverted through photosynthetic nitrogen-fixing Table 3 . Effect of DCMU on acetvlene reduction and hydrogen evolution. One-g~am samples were removed from a large plant culture and assayed: IO"M DCM U was then added and samples removed periodically for assays. Cultures were maintained in light throughout the experiments. All assays were in argon or 90 percent argon-IO percent acetylene, in light. 
